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ABSTRACT The Pseudomonas aeruginosa virulence factor regulator (Vfr) is a cyclic
AMP (cAMP)-responsive transcription factor homologous to the Escherichia coli cAMP
receptor protein (CRP). Unlike CRP, which plays a central role in E. coli energy metabo-
lism and catabolite repression, Vfr is primarily involved in the control of P. aeruginosa
virulence factor expression. Expression of the Vfr regulon is controlled at the level of
vfr transcription, Vfr translation, cAMP synthesis, and cAMP degradation. While investi-
gating mechanisms that regulate Vfr translation, we placed vfr transcription under the
control of the rhaBp rhamnose-inducible promoter system (designated Pg,,) and found
that Pg,, promoter activity was highly dependent upon vfr. Vfr dependence was also
observed for the araBp arabinose-inducible promoter (designated Pg,p). The observa-
tion of Vfr dependence was not entirely unexpected. Both promoters are derived from
E. coli, where maximal promoter activity is dependent upon CRP. Like CRP, we found
that Vfr directly binds to promoter probes derived from the Pg,, and Pg,n promoters
in vitro. Because Vfr-cAMP activity is highly integrated into numerous global regulatory
systems, including c-di-GMP signaling, the Gac/Rsm system, MucA/AlgU/AlgZR signal-
ing, and Hfg/sRNAs, the potential exists for significant variability in Py, and Pg,p pro-
moter activity in a variety of genetic backgrounds, and use of these promoter systems
in P. aeruginosa should be employed with caution.

IMPORTANCE Heterologous gene expression and complementation constitute a valu-
able and widely utilized tool in bacterial genetics. The arabinose-inducible P, .zap
(Pgap) @and rhamnose-inducible P, z.p (Pgna) Promoter systems are commonly used in
P. aeruginosa genetics and prized for the tight control and dynamic expression
ranges that can be achieved. In this study, we demonstrate that the activity of both
promoters is dependent upon the cAMP-dependent transcription factor Vfr. While
this poses an obvious problem for use in a vfr mutant background, the issue is more
pervasive, considering that vfr transcription/synthesis and cAMP homeostasis are
highly integrated into the cellular physiology of the organism and influenced by
numerous global regulatory systems. Fortunately, the synthetic Pr,. promoter is not
subject to Vfr regulatory control.

KEYWORDS Pseudomonas aeruginosa, Vfr, cyclic AMP, arabinose, rhamnose

acteriologists study gene expression and function using genetics tools, including

transcriptional and translational reporters, genetic deletions, engineered transpo-
sons, and complementation/overexpression vectors. The gold standard for establishing
gene function is to generate an in-frame deletion mutant, assign a phenotype, and
then complement the phenotype by exogenous expression of the deleted gene. A
companion approach is to overexpress the gene of interest and screen for phenotypes.
Complementation/overexpression vectors make use of heterologous promoters to
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drive expression of the cloned gene. The most versatile systems utilize tunable pro-
moters with rheostat-like control, such as the arabinose-inducible araBp (designated
Psap) @and rhamnose-inducible rhaBp (designated Pg,,,) promoters from Escherichia coli.
Both promoters are controlled by a transcription factor (AraC and RhaS, respectively)
that activates expression of genes required for the utilization of the sugars arabinose
and rhamnose (1, 2). The same sugars serve as the inducing ligands for AraC- and
RhaS-dependent activation. Ligand binding triggers conformational changes in AraC
and Rhas that alter or enable their DNA-binding activity (3, 4). Expression vectors that
incorporate these promoters allow variable expression of cloned genes in a manner
that is directly proportional to the concentration of sugar added to the growth
medium.

E. coli preferentially utilizes glucose as a carbon source. When it is growing in the
presence of glucose, the genes required to transport and catabolize other sugars (such
as arabinose or rhamnose) are repressed, even when the alternative sugars are present,
through a process referred to as carbon catabolite repression (5). Carbon catabolite
repression is controlled by the second messenger cyclic AMP (cAMP) and CRP (cyclic
AMP receptor protein). Whereas cAMP levels are low when E. coli is growing on glu-
cose, CAMP levels increase when glucose is depleted (6). CAMP-bound CRP binds to
specific sites within or near target promoters and recruits RNA polymerase (RNAP)
through interactions with the « subunit of RNAP and/or the sigma factor (7-13).
Transcription of the E. coli arabinose or rhamnose utilization genes is coupled to car-
bon catabolite repression by CRP (2, 14-19). CRP-cAMP binds near divergent promoters
that control araC and the araBAD operon and promotes expression from both pro-
moters (19). Similarly, the divergent rhaRS and rhaBAD operons are activated by RhaR
and Rha$, respectively, and each promoter region has a CRP-cAMP binding site (2, 20,
21). Maximal expression of arabinose or rhamnose utilization genes, therefore, requires
both the specific inducing sugar and elevated cAMP levels (i.e., low glucose levels).

Pseudomonas aeruginosa encodes a CRP family protein called Vfr (virulence factor
regulator). Rather than participating in carbon catabolite repression (22), Vfr regulates
many virulence-related genes, including exotoxin A production (23, 24), the las quo-
rum sensing system (25), type IV pilus biogenesis (26), and the type lll secretion system
(27, 28). Vfr and CRP both interact with DNA, RNAP, and cAMP and share 61% identity
and 91% similarity at the amino acid level (23). Like CRP, Vfr usually requires cAMP for
DNA-binding activity, with the noted exception of cAMP-independent binding to the
lasR promoter region (23). Whereas exogenous vfr expression complements an E. coli
crp mutant, crp expression does not fully complement a vfr deletion mutant (23).

Genetics tools that make use of the Py, and Pg,n promoter systems are commonly
used to study P. aeruginosa. While investigating translational control of Vfr, we con-
structed Pgp,-lacZ and Pgap-lacZ transcriptional reporters and found that transcription
from both promoters is strongly dependent upon vfr. Consistent with our genetic data,
Vfr binds to Pg,, and Pg,p promoter regions with high affinity and specificity in vitro.
Given the reliance of both promoters on CRP in E. coli and the high similarity between
CRP and Vfr, our findings are not entirely unsurprising. Nevertheless, our findings dem-
onstrate that utilization of the Pg,, and Pg,p promoter systems in P. aeruginosa is
fraught with potential pitfalls, given that Vfr-cAMP activity is highly integrated into
numerous global regulatory systems, including c-di-GMP signaling, the Gac/Rsm sys-
tem, MucA/AlgU/AIgZR signaling, and Hfg/sRNAs (29-32). The tac promoter (P-,.) is a
synthetic inducible system that was constructed by combining the trp and lacUV5 pro-
moters (33). While the lac operon requires CRP for full activation, lacUV5 is no longer
under CRP control (34). We find that P,. promoter activity is independent of Vfr and a
suitable promoter system for regulated control of gene expression in P. aeruginosa.

RESULTS
Pgrha and Py, promoter activity are dependent upon vfr. Our studies on mecha-
nisms of gene control in P. aeruginosa make use of the commonly employed Py,,,- and
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Psap-regulated expression systems. During the course of our studies, we began to sus-
pect that Pg,, promoter activity was Vfr dependent. To examine the effect of vfr on Pgy,
promoter activity, we constructed a Pg,.-lacZ transcriptional reporter and integrated
the reporter into the Tn7 site of wild-type (wt) P. aeruginosa strain PA103 and a vfr de-
letion mutant (Avfr strain). In wt PA103, the Pg,,-lacZ reporter demonstrated a dose-de-
pendent increase in activity with the inducer rhamnose (Fig. TA). In contrast, reporter
activity was detected in the Avfr strain only at the highest concentration of rhamnose
(0.1%) tested, and even then, activity was more than 8-fold lower than observed for
the wt strain (Fig. TA). As a control, we also introduced the Pg,,-lacZ reporter into an
exsA deletion mutant (AexsA strain), required for type Il secretion gene expression. We
expected to see no effect and found that reporter activity was similar to the wt strain
(Fig. 1A). Complementation of the Avfr strain with a plasmid-encoded copy of vfr
driven from a heterologous promoter restored Pg,,-lacZ reporter activity, confirming
that the defect resulted from Vfr insufficiency (Fig. 1C). To verify that Vfr dependence
of the Pg,,-lacZ reporter was not restricted to strain PA103, we introduced the reporter
into wt strain PAK and a Avfr mutant. The expression pattern was similar to that of
strain PA103, wherein wt PAK demonstrated dose-dependent expression of the re-
porter, and activity in the Avfr strain was observed only with the highest concentration
of rhamnose tested (Fig. 1B). Providing a copy of vfr in trans restored Pg,,-lacZ reporter
activity in the PAK Avfr mutant (Fig. 1C).

Since the Pgap promoter is also controlled by CRP in E. coli, we constructed and inte-
grated a Pgp-lacZ transcriptional reporter into the Tn7 site of wt PA103 and the Avfr
and AexsA mutants. In the wt and AexsA backgrounds Pg,p-lacZ reporter activity dem-
onstrated a dose-dependent increase with the inducer arabinose (Fig. 2A). Whereas
the Avfr strain was completely devoid of reporter activity, the deficiency was rescued
when vfr was provided in trans (Fig. 2B).

The Pg..-lacZ and Pgap-lacZ reporters described above are integrated into the chro-
mosome in single copy at the Tn7 site. Many expression vectors are multicopy. To
determine whether Vfr dependence of the Py, promoter is a peculiarity of being inte-
grated at the Tn7 site and whether it is also observed in a plasmid-based system, we
tested gene expression from the pJN105 vector. pJN105 is moderate-copy-number
vector that utilizes the Pg,p promoter to control expression of cloned genes (35). We
made use of the previously described ExsA-dependent reporter P,,,,-lacZ integrated at
the CTX site (36) and expressed exsA in trans from the pJN105 vector (Fig. 3). Whereas
P.p-lacZ reporter activity (Fig. 3A) and ExsA protein levels (Fig. 3B) demonstrated a
dose-dependent response in an AexsA mutant, reporter activity and ExsA levels were
significantly reduced in a strain lacking both exsA and vfr. We conclude that Vfr
dependence of the Pg,p promoter, and by inference the Py, promoter, is genuine, in
agreement with the same requirements in E. coli, and does not reflect an artifact of
being integrated in a single copy at the Tn7 site.

Vfr directly binds to the Pg,, and Pg,, promoter regions. A previous study in
Pseudomonas putida also observed Vfr (CRP) dependence of the Py, promoter but con-
cluded that the effect was indirect and resulted from a deficiency in rhamnose transport
rather than a strict requirement for Vfr (37). This was demonstrated by expressing the
rhamnose transporter (rhaT) in the vfr mutant and observing restoration of Pg,,, promoter
activity (37). To determine whether the same solution might work in P. aeruginosa, we
cloned rhaT driven by the P, promoter into the Py, .-lacZ reporter and integrated
the construct into the Tn7 site of wt PA103 and the Avfr mutant. In the wt background,
the Pgn,-lacZ reporter was significantly more responsive to rhamnose in the presence of
rhaT (Fig. 4A, closed circles) than the construct lacking rhaT (open circles), demonstrating
that rhaT is functional in P. aeruginosa and increases the intracellular rhamnose concen-
tration. The Pg.,-lacZ reporter in the Avfr mutant was similar in both the absence
(Fig. 4A, open squares) and presence (closed squares) of rhaT. We conclude that while
rhamnose transport is clearly limiting in the absence of rhaT, that does not fully account
for Vfr (CRP) dependence of the Pg,, promoter.
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FIG 1 P, promoter activity is Vfr dependent. (A and B) P. aeruginosa strains PA103 (A) and PAK (B)
carrying a chromosomally integrated Py,,-lacZ transcriptional reporter were cultured in LB with the
indicated concentrations of rhamnose. When the culture Ay, reached 1.0, the cells were harvested
and assayed for pB-galactosidase activity, reported in Miller units. *, P<0.05 (ANOVA). (C) The
indicated PA103 and PAK strains carrying the P, .-lacZ reporter, transformed with a vector control
(pJN105) or a Vfr expression vector (pVfr), were cultured in LB with 0.005% rhamnose. Cells were
assayed for B-galactosidase activity as described above. The reported data are the averages from at
least three independent experiments. *, P < 0.05 (ANOVA).

The simplest explanation for Vfr dependence is direct binding of Vfr to the Py, and
Psao Promoter regions and facilitation of RNAP recruitment. We tested this hypothesis in
vitro using an electrophoretic mobility shift assay (EMSA). Promoter probes (~200 bp)
encompassing the Pg,, and Pg,n promoter regions and a nonspecific portion of algD
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FIG 2 P,,, promoter activity is Vfr-dependent. (A) PA103 strains carrying a chromosomally integrated
Pgao-lacZ transcriptional reporter were cultured in LB with the indicated concentrations of arabinose.
When the culture Ag,, reached 1.0, the cells were harvested and assayed for B-galactosidase activity,
reported in Miller units. (B) PA103 or a Avfr mutant carrying the Pg,-lacZ reporter, transformed with
a vector control (pJN105) or a Vfr expression vector (pVfr), was cultured in LB. The culture was back-
diluted to a Ayy, of 0.8 in LB with 0.2% arabinose and incubated for an additional 45 min. The cells
were then harvested and assayed for p-galactosidase activity. The reported data are the averages
from at least three independent experiments. *, P < 0.05 (ANOVA).

lacking a Vfr binding site (~180 bp) were radiolabeled, incubated with Vfr, and analyzed
by nondenaturing gel electrophoresis. Both the Py, (Fig. 4B) and Pg, (Fig. 4C) promoter
probes demonstrated retarded mobility when incubated with increasing concentrations
of Vfr. Formation of the Vfr-Pg,,, and Vfr-Pg, promoter probes complexes was specific, as
Vfr binding to the algD probe was not evident, even with the highest concentration of
Vfr tested (200 nM) (Fig. 4C, lane Q). Vfr-Pg,, also formed a second lower-mobility com-
plex at the higher concentrations of Vfr (Fig. 4B). This is consistent with the presence of
multiple CRP binding sites in the Py, region (21).

Example of a global regulator that impacts Py, promoter activity. We recently
demonstrated that Hfg and the small noncoding RNA 179 inhibit cAMP-Vfr activity
(Fig. 5A) (32). In agreement with that finding, Pg.,-lacZ and Pgp-lacZ reporter activities
are elevated in an hfg deletion mutant relative to wt strain PA103 (Fig. 5B and C), and
Hfq overexpression inhibits Pg,,-lacZ reporter activity (Fig. 5D).

Stability of pUC18-mini-Tn7T-Gm-LacZ10-encoded f-galactosidase. The Py, ,-lacZ
and Pg.p-lacZ reporters were constructed in pUC18-mini-Tn7T-Gm-LacZ10 (obtained from
Addgene). We observed that B-galactosidase expressed from this vector is labile relative to
B-galactosidase expressed from mini-CTX-lacZ, another commonly used P. aeruginosa vector
(Fig. 6). We also noted that a predicted BstZ17I restriction site located in the 3" end of lacZ
does not digest pUC18-mini-Tn7T-Gm-LacZ10. Sequencing that plasmid revealed a base
change that destroys the BstZ17I recognition site and results in a substitution of isoleucine
for threonine at codon 928 of native lacZ. Replacing the 3’ end of lacZ with the correspond-
ing region from mini-CTX-lacZ restored B-galactosidase stability (Fig. 6). This is important to
note, as B-galactosidase is generally assumed to be stable when cells are lysed in Z-buffer
(as demonstrated for B-galactosidase expressed from mini-CTX-lacZ). For that reason, per-
forming the enzymatic assay is not considered time critical. When using constructs derived
from pUC18-mini-Tn7T-Gm-LacZ10, however, it would be critical to perform the enzymatic
assay immediately upon cell harvest or to correct lacZ.
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FIG 3 Plasmid-based Pg,, promoter activity is Vfr dependent. PA103 exsA and exsA vfr strains carrying
a chromosomally integrated P,.,-lacZ transcriptional reporter were transformed with a plasmid
encoding exsA under the transcriptional control of the Pg,, promoter. Cells were cultured in LB with
the indicated concentrations of arabinose. When the culture Ay, reached 1.0, the cells were
harvested and assayed for pB-galactosidase activity, reported in Miller units (A), and ExsA protein
levels by immunoblotting using ExsA antiserum (B). The reported B-galactosidase activity data are
the averages from at least three independent experiments. *, P < 0.05 (t test).

P;.. promoter activity does not require Vfr. One alternative to the Py, and Py,
expression systems is the inducible P;,. promoter. P,  is a synthetic promoter derived
from the E. coli trp and lacUV5 promoters that removes CRP control (33). Whereas Pg,p
and Py, are reliant upon a sugar-dependent activator, the P;,. promoter is controlled
by the sugar-responsive repressor Lacl (33). Binding of either allolactose or the gratui-
tous inducer IPTG (isopropyl-8-b-thiogalactopyranoside) results in an allosteric change
that releases Lacl from an operator that overlaps the transcription start site. A Pr,-lacZ
reporter was generated and introduced at the Tn7 site of wt PA103 and the Avfr and
AexsA mutants (Fig. 7). While there was a slight decrease in the Avfr strain, this was not
statistically significant. We conclude that the P, . system is appropriate to use in
P. aeruginosa studies where vfr expression and activity may be altered.

DISCUSSION

Regulated expression systems have many applications, including complementation
experiments and the uncoupling of gene expression from native regulatory control. Our
finding that the E. coli Pg,, and Pg,p promoters demonstrate strong Vfr dependence
detracts from their utility for genetic studies in P. aeruginosa. For complementation
experiments, where the objective is to verify that a phenotype is attributable to loss of a
particular gene, this may not be a major issue, though the levels of gene expression
achieved should be experimentally determined in each new genetic background. More
problematic are experiments that require, and make the assumption of, equal/similar
transcription levels in different genetic backgrounds. While that assumption is clearly er-
roneous in a Avfr mutant, any mutant background or growth condition that impacts vfr
transcription, Vfr synthesis, or cAMP homeostasis would suffer from the same limitation,
and there is no shortage of genes that directly or indirectly impact the Vfr-cAMP system.

Since vfr transcription is autoregulated by Vfr, vfr expression is dependent upon cAMP
(38). cAMP synthesis is controlled by the complex Pil-Chp chemosensory system and by
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FIG 4 Vfr directly binds to Py, and P,, promoter probes. (A) Wt PA103 and the Avfr mutant carrying a
chromosomally integrated Pg,,-lacZ transcriptional reporter lacking (— rhal) or including (+ rhaT) the
rhamnose transporter gene rhaT were cultured in LB with the indicated concentrations of rhamnose and
assayed for B-galactosidase activity, reported in Miller units. The reported data are the averages from at
least three independent experiments. (B and C) Radiolabeled Py, (B) and Pg,, (C) promoter probes were
incubated alone (lane 1) or with the indicated concentrations of Vfr in the presence of the nonspecific
competitor poly(dl-dC) and a second radiolabeled probe derived from algD that served as a negative
control. Lane C is a control with the algD probe incubated with 200nM Vfr. Reaction products were
subjected to nondenaturing gel electrophoresis followed by phosphorimaging. The asterisk in panel B
indicates the second promoter probe complex observed at the higher concentrations of Vfr tested. The
phosphorimages are representative data from two independent experiments.

NadD2, both of which regulate the CyaB adenylate cyclase (39, 40). cAMP levels are also
influenced by the second messenger cyclic di-GMP (c-di-GMP) (29). c-di-GMP homeostasis is
controlled by diguanylate cyclases and phosphodiesterases, and there are ~40 proteins
with at least one of these activities in the P. aeruginosa genome. While our understanding of
signals and mechanisms that control ¢-di-GMP homeostasis is incomplete, CAMP and cyclic
di-GMP levels demonstrate an inverse relationship under some conditions (29, 41). Likewise,
transcription and synthesis of Vfr is influenced by global regulatory systems, including the
Rsm system, the AlgU sigma factor/MucA anti-sigma factor which control alginate biosynthe-
sis, and the RNA chaperone Hfg and small noncoding RNAs (30-32). Finally, environmental
signals, including NaCl, calcium, pH, osmolarity, and bicarbonate levels in the growth me-
dium, can also impact cAMP-Vfr signaling (27, 42, 43). The numerous genetic background
and environmental signals that directly or indirectly effect cAMP-Vfr signaling all have the
potential to impact expression from the P, and Pg,p promoters.

A previous study found that Vfr is also required for Pg,, promoter activity in
Pseudomonas putida (37). The authors concluded that the Vfr requirement resulted from a
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FIG 5 Influence of Hfq on Vfr-dependent control of the Py, promoter. (A) Hfq inhibits Vfr synthesis.
(B and C) PA103 wt and Ahfq strains carrying a chromosomally integrated Py, .-lacZ (B) or Pg,n-lacZ
(C) transcriptional reporter were cultured in LB with the indicated concentrations of rhamnose or
arabinose, respectively. When the culture Ay, reached 1.0, the cells were harvested and assayed for
B-galactosidase activity, reported in Miller units. (D) PA103 carrying either empty vector control
(pJN105) or an Hfg expression vector (pHfq) were cultured in LB with 0.2% arabinose and 0.005%
rhamnose. Cells were assayed for B-galactosidase activity as described above. The reported data are
the averages from at least three independent experiments. *, P < 0.05 (t test).

deficiency in rhamnose transport based on the findings that deletion of the Vfr (CRP)-bind-
ing site in the Pg,,, promoter region had no effect on Vfr-dependent control and that provid-
ing a copy of the rhamnose transporter (rhaT) in trans restored rhamnose-dependent Py,
promoter activity. Curiously, our findings in P. aeruginosa are the opposite. Direct binding of
Vfr to the Pg,, and Pg,, promoter regions was demonstrated in vitro (Fig. 4B and C), and
providing a copy of rhaT had no effect on Pg,, promoter activity in a Avfr mutant (Fig. 4A).
Our data are consistent with Vfr serving the same purpose as CRP does in E. coli, wherein
Vfr/CRP directly participates in recruitment of RNAP at both the Pg,, and Pg,p promoters.
The finding that inclusion of rhaT in a wt background potentiates Py, promoter activity in a
dose-dependent manner suggests that rhamnose transport into P. geruginosa is limiting.
This is consistent with the lack of an identifiable rhamnose transporter in the genome and
suggests that rhamnose uptake occurs through less efficient means. Limited rhamnose
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FIG 6 B-Galactosidase expressed from pUC18-mini-Tn7T-Gm-LacZ10 is unstable. PA103 cells carrying
the Pg..-lacZ reporter derived from pUC18-mini-Tn7T-Gm-LacZ10 (mini-Tn7), a Py, .-lacZ derivative
with a corrected lacZ gene (corrected mini-Tn7), and a strain with a mini-CTX-lacZ based reporter
(mini-CTX) were harvested in a series of tubes containing Z buffer. Samples were assayed for
B-galactosidase activity at the indicated times. The reported values represent the amount of
B-galactosidase activity remaining at each time point relative to time zero. The reported data are the
averages from least three independent experiments. *, P < 0.05 (ANOVA).

uptake raises several questions, including the identity of the transporter involved and
whether transport and, by inference, expression from the Pg,, promoter are uniform within
a cell population. The same questions also apply to the Pg,p promoter. Fortunately, P, pro-
moter activity is unaffected in a vfr mutant, and its use remains a reasonable approach to
achieve regulated gene expression in P. aeruginosa. Nevertheless, any promoter subject to
regulation, even P, should not be assumed to be equivalently expressed in different
genetic backgrounds.

MATERIALS AND METHODS

Strain and plasmid construction. The bacterial strains used in this study are listed in Table S1 in
the supplemental material. Routine cloning was performed with E. coli DH5« cultured in LB-Lennox me-
dium with gentamicin (15 wg/ml) as required. The pUC18 Tn7 Py, .-lacZ reporter was constructed by PCR
amplification of the Py, cassette from pSCPrhaB2 (44) using primers 196423236 and 196423237
(Table S2). Primer 196423237 introduces a unique Pmll restriction site at the P, promoter transcription
start site. The Py, cassette and a gBlock consisting of a lacZ adaptor were assembled into Nsil/BamHI-
digested pUC18-mini-Tn7T-Gm-LacZ10 (Addgene plasmid 65026) using the Gibson assembly method,
resulting in pUC18 Tn7 Py, .-lacZ. The gene encoding the rhamnose transporter (rhaT) driven by a P,
promoter was synthesized as a gBlock (pTAC rhaT) (Table S2) and cloned into the Nsil site of pUC18 Tn7
Prna-lacZ, resulting in pUC18 Tn7 Py, .-lacZ + rhaT. The pUC18 Tn7 Py,p-lacZ reporter was constructed by
PCR amplification of the Py, cassette from pJN105 using primers 288109006 and 288109007 (Table S2)
and cloning into the Nsil and Pmll restriction sites of pUC18 Tn7 Py,.-lacZ. The pUC18 Tn7 P, -lacZ
reporter was constructed by PCR amplification of the P,  cassette by using primers 293293895 and
293293896 (Table S2) and cloning into the Nsil and Pmll restriction sites of pUC18 Tn7 Py, -lacZ. Primers

8192
4096-

Ptac-lacZ

-o-wt PA103

Miller units
S
.P

5124 -m-Avfr
256 ~4-AexsA
1284 1 :
0.001 0.01 0.1 1

IPTG (mM)

FIG 7 P.,. promoter activity is Vfr independent. PA103 and a Avfr mutant carrying a chromosomally
integrated Pq,-lacZ transcriptional reporter were cultured in LB with the indicated concentrations of
IPTG. When the culture Ay, reached 1.0, the cells were harvested and assayed for B-galactosidase
activity, reported in Miller units. The reported data are the averages from at least three independent
experiments. There was no statistical difference (ANOVA) in P;,.-lacZ transcriptional reporter activity
between PA103 and the Avfr mutant.
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and gBlocks were synthesized by Integrated DNA Technologies (Coralville, IA). pUC18 Tn7 Py, .-lacZ cor-
rected was constructed by replacing the Sacl-Sapl restriction fragment containing the 3’ end of lacZ
with the corresponding Sacl-Sapl fragment from mini-CTX-P,,.,-lacZ using the Gibson assembly method.

P. aeruginosa strains were maintained on Vogel-Bonner minimal (VBM) medium supplemented with
gentamicin (80 ug/ml) or carbenicillin (300 ug/ml) as required. Tn7-integrating plasmids and helper
plasmid pTNS2 (Addgene plasmid 64968) were introduced by electroporation. To remove the gentami-
cin resistance gene, pFLP2 (45) was introduced by electroporation and was resolved on yeast-tryptone
medium supplemented with 10% sucrose.

[f-Galactosidase assays. P. ageruginosa was cultured overnight at 37°C in LB-Lennox medium
containing gentamicin as required. Cells were diluted the next day to an absorbance (A4, of 0.1 in LB-
Lennox medium with gentamicin as required and the concentrations of rhamnose, arabinose, and/or iso-
propyl B-p-1-thiogalactopyranoside (IPTG) indicated in the figure legends. Cells were incubated at 37°C.
When the A, reached 0.9 to 1.1, cells (100ul) were mixed with 900 ul of Z buffer (0.1 M Na,HPO,/
NaH,PO, [pH 7.0], 10 mM KCl, 1 mM MgSO,, 50 mM 2-mercaptoethanol), 20 ul sodium dodecyl sulfate, and
20 ul chloroform. Samples were lysed by vortexing at maximum speed for 10s and then assayed for 3-ga-
lactosidase activity using ortho-nitrophenyl-3-galactoside (ONPG). B-Galactosidase activity was measured
at A,,, and calculated as Miller units (46). The reported values (Miller units) represent the average of at
least three independent experiments. Statistical analyses were determined by one-way analysis of variance
(ANOVA) with the Dunnett post hoc test or a t test using GraphPad Prism version 5.0c for Mac OS X
(GraphPad Software, La Jolla, CA).

Immunoblots. Samples were prepared as previously described (47). Cell fractions were sepa-
rated by 12% SDS-PAGE and analyzed by immunoblotting with primary antibodies to Vfr or ExsA
in Tris-buffered saline with 5% skim milk and 0.1% Tween 20. Secondary antibody (horseradish
peroxidase-conjugated anti-rabbit IgG antibody) was used at a 1:8,000 dilution. Blots were imaged
with an Azure Biosystems Sapphire imager using SuperSignal West Pico Plus substrate (Thermo
Scientific).

Electrophoretic mobility shift assays. P, (primers 292259572 and 292259573) and Py, (primers
292259570 and 292259571) promoter probes were PCR amplified and end labeled with 10 uCi of [y->?]
ATP as previously described (48). A 180-bp fragment derived from the coding region of algD served as
the negative control, as previously reported (28). Specific and nonspecific promoter probes (0.05nM)
were incubated in DNA binding buffer (10 mM Tris-HCI pH [7.5], 50 mM KCl, 1 mM EDTA, 1 mM dithio-
threitol, 5% glycerol), 25ng/ul poly(2’-deoxyinosinic-2'-deoxycytidylic acid), and 100 wg/ml bovine
serum albumin in a total volume of 19 ul for 5min at 25°C. Vfr was expressed and purified from E. coli
by incubating a cell extract with cAMP-agarose, washing, and then eluting with an excess of cAMP as
previously described (49). The resulting Vfr preparation is saturated with cAMP. Vfr was added in the
indicated concentrations to a total volume of 20 ul and incubated for an additional 15min at 25°C.
Reaction samples were then mixed with 1 ul loading buffer (0.05% xylene cyanol, 50% glycerol) and ana-
lyzed by electrophoresis on 5% polyacrylamide glycine gels (10 mM Tris [pH 7.5], 380 mM glycine, 1 mM
EDTA) at 4°C. Imaging was performed using an Azure Sapphire phosphorimager and software.
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